Background/Aims: Numerous studies have highlighted the activation of NF-κB in the esophageal mucosa during the early stages of gastroesophageal reflux disease (GERD). The present study aimed to investigate the role of the TLR4/NF-κB signaling pathway in GERD rat models. Methods: Wistar rats (n = 60) were recruited to establish a GERD animal model. Distal esophageal pH was assessed, followed by determination of the contents of thiobarbituric acid-reactive species (TBARS) and reactive oxygen species (ROS) in esophageal mucosa homogenate. ELISA was employed to detect the levels of inflammatory factors (IL-6, IL-8, IL-10 and TNF-α) in esophageal mucosa. The expression of MMP-3, MPP-9, Cldn1 and Cldn4 was determined by immunohistochemistry. RT-qPCR and western blot analysis were applied to evaluate the protein expressions in TLR4/NF-κB signaling pathway, while TUNEL staining was utilized to examine the apoptosis rate in the esophageal mucosal tissues. Results: Distal esophageal pH of the rats was higher in the GERD + PDTC group than in other groups. Levels of inflammatory factors in esophageal mucosal tissues were downregulated with the inhibition of NF-κB, which was determined to be associated with the decreased contents of TBARS and ROS. Moreover, decreased MMP-3 and MPP-9 in addition to elevated Cldn1 and Cldn4 were detected in the esophageal mucosa as a result of the inactivation of NF-κB. The TLR4/NF-κB signaling pathway-related proteins (TLR4, NF-κB and IκBα); the rate of apoptosis was demonstrated to be suppressed in the GERD + PDTC group, while inactivating NF-κB was found to alleviate the tissue damage observed in the esophageal mucosa. Conclusion: The key findings of the current study demonstrate that the inactivation of the TLR4/NF-κB signaling pathway alleviates oxidative stress injury and promotes the repair of esophageal mucosal injury among rats with GERD, highlighting a potential novel GERD mechanism.
Introduction
Gastroesophageal reflux disease (GERD) represents a common disorder of the gastrointestinal tract characterized by the backflow of gastric contents in the upper digestive tract [1] . The major ubiquitous signs of GERD include heartburn and acid regurgitation, while other commonly reported symptoms include sore throat, nausea, eructation, chest pain and cough [2] . Among European and American populations, the approximate prevalence rate of GERD has been reported to be between 10%-20%, while in Asia, this number is below 10% [3, 4] . Possible risk factors associated with the condition include age, obesity, alcohol consumption, cigarette smoking and presence of hiatus hernia [5] . Mahadeva et al. concluded that GERD is more common among persons of British origin compared to people of the South-East Asian dyspeptic population, suggesting that race and/or western lifestyle are crucial contributors to the occurrence of GERD [6] . Esophageal injuries are the most overt complications associated with GERD, including erosive esophagitis, Barrett's esophagus, and esophageal stricture [4] . The physiological mechanism by which normal esophageal mucosa involves the maintenance of an effective barrier restraining acidic refluxate within the esophageal lumen [7] . Hence, the restoration of esophageal mucosa integrity represents an efficient and innocuous approach by which GERD could be alleviated. Accumulating studies exploring potential therapeutic targets have highlighted berberine and esophageal mucosal damage in reflux esophagitis caused by suppressing proinflammatory cytokines and cyclooxygenase-2, as well as reflux-related esophageal histological changes and the therapeutic use of melatonin in GERD [8] [9] [10] .
As a widely expressed transcription factor, nuclear factor-kappa B (NF-κB) regulates various genes that encode inflammatory mediators and serves as a crucial downstream target of mitogen-activated protein kinase (MAPK) signaling pathways in inflammatory and immune responses [11] . Toll-like receptors (TLRs) are transmembrane proteins that are primarily tasked with the recognition of pathogen-associated molecular patterns that are present on viral and bacterial products, among which Toll-like receptor 4 (TLR4) triggers the activation of NF-κB by recruiting myeloid differentiation factor 88 (Myd88) [12] . TLR4/NF-κB signaling, a classical signaling pathway, is involved in the regulation as well as the inflammatory response of cell proliferation and apoptosis [11] . A previous study concluded that adoptive regulatory T-cell therapy attenuated subarachnoid hemorrhageinduced cerebral inflammation by suppressing the TLR4/NF-κB signaling pathway [13] . Another study revealed that andrographolide could possess anti-cancer properties capable of modulating the TLR4/NF-κB signaling pathway in insulinoma [14] . The inflammatory response might be alleviated by single immunoglobulin IL-1-related receptor via blockade of the TLR4/NF-κB signaling pathway [15] . Despite the fact that the TLR4/NF-κB pathway has been extensively reviewed, studies investigating its potential effect on GERD, particularly on esophageal mucosal injury, are rare. Therefore, the central objective of the current study was to explore the mechanism by which the TLR4/NF-κB signaling pathway influences esophageal mucosal injury in a GERD rat model.
Materials and Methods

Animals
A total of sixty 8-week-old male Wistar rats (weighing 256-343 g) were recruited from the Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China) and housed under specific controlled conditions: a 12-h light/dark cycle, 25°C, free access to water and food one week prior to either surgery or the sham operation. All experiments were conducted under the approval of the Ethics Committee of the China-Japan Union Hospital of Jilin University for the use of animals and performed in strict accordance with relevant regulations set by the International Association for the Study of Pain for the protection and use of laboratory animals.
Masson staining
The sections were fixed, rinsed under running tap water and stained using Mayer's hematoxylin for 5 min. The sections were then differentiated in 1% acid alcohol, rinsed under running tap water, stained in Ponceau S acid solution for 5-10 min and washed in distilled water. After that, they were again differentiated in 1% phosphomolybdic acid aqueous solution for 5 min, transferred directly to aniline blue or bright green solution to stain for 5 min and differentiated in 1% glacial acetic acid solution for 5 min. The sections were then subjected to a repeated dehydration procedure with alcohol, cleared in xylene and finally mounted with neutral balsam. After staining, collagen appeared blue, cytoplasm, muscle fiber and red blood cells appeared red, and the nucleus appeared dark blue.
Enzyme-linked immunosorbent assay (ELISA)
On the 28 th day after model establishment, rats in all groups were anesthetized. A 1.5-2.0 cm long esophagus was removed to make into 10% esophageal homogenate. An ELISA Kit (96T, Shanghai Meilian Biotechnology, Co., Ltd., Shanghai, China) was used according to the manufacturer's instructions, and the optical density (OD) of each well was measured at a wavelength of 450 nm absorption with a universal enzyme marker (Model: RT-2100C, Rayto Life and Analytical Sciences Co., Ltd., Shenzhen, China). A standard curve was drawn, and the levels of interleukin (IL)-6, IL-8, IL-10 and tumor necrosis factor (TNF)-α in the esophageal mucosa of rats was quantified and subsequently analyzed. The test was repeated three times.
Determination of oxidative stress (OS) indicators
Lower esophageal (including the anastomotic stoma) was incised longitudinally and cleaned using 0.9% sodium chloride solution. Following the addition of 500 µL normal saline at 4°C, 0.5-1% tissue homogenate was prepared based on the ratio of weight and volume in an ice-bath using the homogenizer and centrifuged at 1610 × g at low temperature for 10 min, with the supernatant obtained and preserved at -80°C. Thiobarbituric acid-reactive species (TBARS) chromometry was employed to measure the content of TBARS in homogenate. The reactive oxygen species (ROS) content in homogenate was determined using ELISA. The well plate was added with 190 µL homogenate supernatant and 10 µL dichlorofluorescin diacetate (DCFH-DA) with the concentration of 1 mmol/L and then placed in the microplate reader to detect the ROS content for analysis. The experiment was repeated three times.
Immunohistochemistry
On the 28 th day after model establishment, paraffin sections of esophageal mucosa tissue with a thickness of 3 µm were prepared. The sections were deparaffinized using conventional xylene, dehydrated with gradient alcohol, and washed three times with PBS (0.01 M, pH = 7.4) 3 min per wash. After antigen retrieval using citric acid repair liquid at 98°C for 5 min, each section was incubated with a drop of streptavidin-peroxidase (SP) liquid at room temperature for 10 min and washed an additional 3 times with PBS (3 min each). Following the addition of 10% normal goat serum blocking solution, each section was then incubated in the wet box overnight at 4°C with monoclonal rabbit antibody matrix metalloproteinase-3 (MMP-3) (1:100, ab52915), matrix metalloproteinase-9 (MMP-9) (1:1000, ab38898), claudin-1 (Cldn1) 
Reverse transcription quantitative polymerase chain reaction (RT-qPCR)
Total RNA was extracted using a reagent kit (QIAGEN, Valencia, CA, USA) in accordance with the instructions. The complementary DNA (cDNA) was synthesized from the isolated RNA using a reagent kit (QIAGEN, Valencia, CA, USA). The PCR primers (Table 1) were designed using the Primer 5.0 software based on the gene sequence published in the GenBank database and then synthesized (Sangon Biotech Co., Ltd, Shanghai, China). The volume of each PCR mix was 20 μL, including SYBR PremixExTaq 10 μL, Forward Primer 0.8 μL, Reverse Primer 0.8 μL, ROX Reference Dye II 0.4 μL, template DNA 2 μL and dH 2 O 6.0 μL. qPCR was performed with an initial pre-denaturation at 95°C for 30 s, followed by denaturation at 95°C for 5 s, annealing at 60°C for 30 s, and extension at 72°C for 30 s (40 cycles altogether). β-actin was regarded as the internal control. Each gene in the samples was measured in triplicate. The reliability of the PCR results was verified in correspondence with the dissolution curve. The cycle threshold (Ct, which is the inflection point on the amplification power curve) was calculated, and the relative gene expression was calculated using the 2 -∆∆Ct method (∆Ct = Ct (target gene) -Ct β-actin , ∆∆Ct = ∆Ct (target gene)
-∆Ct β-actin ).
Western blot analysis
On the 28 th day after model establishment, rat esophageal mucosal tissues of each group were cut into pieces, added into tissue lysate, cracked on ice and centrifuged. The protein concentrations of the extracted supernatant liquid were measured using a BCA Kit (Beyotime Biotechnology, Shanghai, China). The extracted proteins were mixed with 5 × loading buffer and boiled for 5 min at 100°C. The samples were then subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Separated proteins on the gel were subsequently transferred onto a polyvinylidene fluoride (PVDF) membrane at 4°C for 2 h (constant current, 65 V). Membrane blockade was performed using 5% fat-free dry milk for 1 h at room temperature and washed in phosphate buffer solution with Tween 20 (PBST). The membrane was subsequently incubated with primary antibodies overnight at 4°C, including rabbit anti-human TLR4 polyclonal antibody (dilution, 1:500; ab13556), rabbit anti-human NF-κB polyclonal antibody (dilution, 1:1000; ab32360), rabbit anti-IκBα (dilution, 1:1000; ab109300) and anti-β-actin polyclonal antibody (dilution, 1:500; ab8226). The membrane was then washed in PBST and incubated with horseradish peroxidase-conjugated rabbit anti-mouse IgG (dilution, 1:3000; ab6785) secondary antibody for 60 min at room temperature. After three PBST washes, the membrane was exposed to X-ray film, which was then developed and fixed. Optical densities were obtained using Bio-Rad Quantity 4.5.2 software, from which the protein expression levels were calculated. The experiment was performed three times. All antibodies used in the assay were purchased from Abcam Inc. (Cambridge, MA, USA).
Terminal dUTP nick-end labeling (TUNEL) assay
The paraffin-embedded tissue samples were sectioned at 5-μm thickness, deparaffinized and dehydrated and incubated for 15 min at room temperature. Cell apoptosis was evaluated using an in situ cell death detection kit (11684817910; Shanghai Ebioeasy Co., Ltd., Shanghai, China) based on its protocol. The samples were then rinsed with PBS, incubated in 50 μL TUNEL reaction mixture for 1 h at 37°C in a humidified chamber, rinsed 2-3 times in PBS and dried. Then, they were incubated in 50 μL transforming agent peroxidase for 30 min at 37°C in a humidified chamber and rinsed 3 times with PBS. The sections were then finally incubated in 50-100 μL diaminobenzidine for 10 min at room temperature and rinsed three times with PBS. The nucleus was counterstained with hematoxylin and mounted. Cells observed to be pale brown or dark brown under optical microscope were considered positive. Apoptosis rate was calculated by tallying the total apoptotic cells in 5 microscopic fields of each sample (six samples from each group). 
Statistical analysis
All data were analyzed using the SPSS 21.0 statistical software (IBM Corp. Armonk, NY USA). The measurement data are presented as the mean ± standard deviation (SD). The comparisons among multiple groups were conducted using one-factor analysis of variance (ANOVA). Differences between experimental groups were determined by Fisher's least significant difference (LSD) post-test. Expression of MMP-3, MPP-9, Cldn1, and Cldn4 was compared between groups using the rank-sum test. A probability value of P < 0.05 was considered statistically significant.
Results
Inactivated NF-κB increases distal esophageal pH Initially, the distal esophageal pH of each group was measured. On the 28 th day after model establishment, distal esophageal pH in the sham group and GERD + PDTC group was relatively stable compared with the normal group (P Normal VS Sham = 0.861, P Normal VS GERD+PDTC = 0.605, P Sham VS GERD+PDTC = 0.991). The pH values in the GERD group and GERD + LPS group were reduced compared with the normal group and the sham group (both P < 0.0001). Compared with the GERD group, the pH values in the GERD + PDTC group increased significantly (P < 0.0001), while that in the GERD + LPS group was remarkably reduced (P GERD VS GERD+LPS = 0.020) (Fig.  1) , indicating that decreased NF-κB increases distal esophageal pH. 
Inactivated NF-κB alleviates tissue damage of esophageal mucosa
The esophageal samples were analyzed to explore the effect of the TLR4/NF-κB signaling pathway on tissue damage of esophageal mucosa. As shown in Fig. 2 , the mucosal integrity and smoothness underwent no evident changes among the rats in the sham group and normal group. Hyperemia at varying degrees, erosions, leukoplakia, esophageal wall thickening and irregular esophageal thickening were observed in esophageal mucosal tissues in the GERD group and GERD + LPS group. The esophageal mucosal injuries were well-healed in the GERD + PDTC group. The above results demonstrated that tissue damage of the esophageal mucosa is alleviated after NF-κB is inhibited.
Decreased NF-κB inhibits inflammatory response
To investigate the means by which the TLR4/NF-κB signaling pathway affects the inflammatory response, HE staining and Masson staining were performed to evaluate the pathological changes to esophageal mucosae. No inflammatory changes were observed in esophageal mucosae in the normal group, sham group or GERD + PDTC group. Esophageal mucosal sections of the GERD group and GERD + LPS group showed different degrees of inflammatory changes (reflux esophagitis), squamous epithelial hyperplasia, papilla extension in the mucosal lamina propria, inflammatory cell infiltration and erosion, and ulcer (Fig. 3A) . Discrete collagen fibrils were detected in the lamina propria of rats in the normal group and sham group. In the GERD group and GERD + LPS group, exudates, inflammatory cell infiltration and a great number of collagen fibrils among inflammatory cells were also detected. In the GERD + PDTC group, mature granulation tissues were found in the lamina propria of the esophageal epithelium, and collagen fibrils increased slightly compared with the normal group (Fig. 3B) . These results demonstrated that inactivated NF-κB represses the inflammatory response.
Inflammatory response is inhibited following inhibition of NF-κB
The levels of IL-6, IL-8, IL-10 and TNF-α were determined using ELISA in an attempt to investigate the effect of the TLR4/NF-κB signaling pathway on the inflammatory response. No marked difference was recorded in the level of IL-6, IL-8, IL-10 or TNF-α between the normal group, sham group and GERD + PDTC group (IL-6: P Normal VS Sham = 0.995, P Normal VS GERD+PDTC = 0.665, P Sham VS GERD+PDTC = 0.877; IL-8: P Normal VS Sham = 0.981, P Normal VS GERD+PDTC = 0.995, P Sham VS GERD+PDTC = 0.874; IL-10: P Normal VS Sham = 0.993, P Normal VS GERD+PDTC = 0.211, P Sham VS GERD+PDTC = 0.418; TNF-α: P Normal VS Sham = 0.441, P Normal VS GERD+PDTC = 0.292, P Sham VS GERD+PDTC = 0.999). The levels of the four inflammatory factors in the GERD group and GERD + LPS group were distinctly higher than those in the Compared with the GERD group, a significant decrease in IL-6, IL-8, IL-10 and TNF-α levels in the GERD + PDTC group (IL-6: P GERD VS GERD+PDTC = 0.033; or the rest: all P < 0.0001) and an increase in the GERD + LPS group were recorded (all P < 0.0001) ( Table 2 ). The obtained results indicated that decreased NF-κB allays the inflammatory response.
Inactivation of NF-κB contributes to decreased contents of TBARS and ROS
Here, ELISA was conducted to determine the OS-related indicators TBARS and ROS in the esophageal mucosa of rats in each group. The results shown in Table 3 suggested that in comparison to the normal group, the contents of TBARS and ROS exhibited no significant difference in the sham group (ROS: P Normal VS Sham = 0.895, P Normal VS GERD+PDTC = 0.157, P Sham VS GERD+PDTC = 0.625; TBARS: P Normal VS Sham = 0.653, P Normal VS GERD+PDTC = 0.185, P Sham VS GERD+PDTC = 0.909). Compared with the normal and sham groups, the GERD and GERD + LPS groups exhibited elevated contents of TBARS and ROS (all P < 0.0001). In comparison to the GERD group, the contents of TBARS and ROS were decreased in the GERD + PDTC group (all P < 0.0001) but increased in the GERD + LPS group (ROS: P GERDl VS GERD+LPS < 0.0001; TBARS: P GERD VS GERD+LPS = 0.008). The above findings suggested that the contents of TBARS and ROS were decreased in esophageal mucosa tissues with the inhibition of NF-κB.
Esophageal mucosa tissues show decreased MMP-3 and MPP-9 but elevated Cldn1 and Cldn4 owing to inactivated NF-κB
Immunohistochemistry was employed to detect the expression of MMP-3, MPP-9, Cldn1, and Cldn4 in esophageal mucosa tissues, the results of which are illustrated in Fig. 4A-B , suggesting that MMP-3 and MPP-9 were predominately expressed in the cytoplasm, while Cldn1 and Cldn4 were mainly expressed in the cell membrane. In comparison to the normal group, the expression of MMP-3, MPP-9, Cldn1, and Cldn4 in the sham and GERD + PDTC groups exhibited no significant difference (MMP-3: P Normal VS Sham = 0.945, P Normal VS GERD+PDTC = 0.603, P Sham VS GERD+PDTC = 0.955; MMP-9: P Normal VS Sham = 0.875, P Normal VS GERD+PDTC = 0.189, P Sham VS GERD+PDTC = 0.715; Cldn1: P Normal VS Sham = 0.889, P Normal VS GERD+PDTC = 0.301, P Sham VS GERD+PDTC = 0.836; Cldn4: P Normal VS Sham = 0.954, P Normal VS GERD+PDTC = 0.649, P Sham VS GERD+PDTC = 0.963).
Compared with the normal and sham groups, the GERD and GERD + LPS group presented elevated MMP-3 and MPP-9 in the cytoplasm but downregulated Cldn1 and Cldn4 in the cell membrane (all P < 0.0001). In comparison to the GERD group, the expression of MMP-3 and MPP-9 significantly declined and that of Cldn1 and Cldn4 distinctly upregulated in esophageal mucosa tissues in the GERD + PDTC group all P < 0.0001); the GERD + LPS group presented increased MMP-3 and MPP-9 but decreased Cldn1 and Cldn4 (all P < 0.0001). Thus, these results led us to the conclusion that NF-κB inactivation results in the downregulation of MMP-3 and MPP-9 but elevates Cldn1 and Cldn4 in esophageal mucosa tissues. Table 2 . The contents of IL-6, IL-8, IL-10 and TNF-α in the esophageal mucosal tissue homogenate of rats in each group (pg/mL). Notes: * , P < 0.05 vs. rats in the normal and sham groups; # , P < 0.05 vs. rats in the GERD group; GERD, gastroesophageal reflux disease; PDTC, pyrrolidine dithiocarbamate; LPS, lipopolysaccharide; IL, interleukin; TNF-α, tumor necrosis factor-alpha α Table 3 . Contents of TBARS and ROS in esophageal mucosa tissues of rats in each group. Notes: *, P < 0.05, vs. the normal and sham groups; #, P < 0.05, vs. the GERD group; TBARS, thiobarbituric acidreactive species; ROS, reactive oxygen species; GERD, gastroesophageal reflux disease; PDTC, pyrrolidine dithiocarbamate; LPS, lipopolysaccharide Cellular Physiology and Biochemistry
Cellular Physiology and Biochemistry
Inhibited NF-κB inactivates the TLR4/NF-κB signaling pathway RT-qPCR and western blot analysis were applied to detect TLR4, NF-κB and IκBα mRNA and protein expressions. Compared with the normal and sham groups, the mRNA and protein expressions of TLR4, NF-κB and IκBα in the GERD + PDTC group displayed marginal increase, which were not statistically significant (mRNA: TLR4: P Normal VS Sham = 0.967, P Normal VS GERD+PDTC = 0.696, P Sham VS GERD+PDTC = 0.967; NF-κB: P Normal VS Sham = 0.909, P Normal VS GERD+PDTC = 0.801, P Sham VS GERD+PDTC = 0.999; IκBα: P Normal VS Sham = 0.675, P Normal VS GERD+PDTC = 0.352, P Sham VS GERD+PDTC = 0.984; protein: TLR4: P Normal VS Sham = 0.927, P Normal VS GERD+PDTC = 0.125, P Sham VS GERD+PDTC = 0.494; NF-κB: P Normal VS Sham = 0.703; P Normal VS GERD+PDTC = 0.179, P Sham VS GERD+PDTC = 0.871; IκBα: P Normal VS Sham = 0.616, P Normal VS GERD+PDTC = 0.108, P Sham VS GERD+PDTC = 0.822). In contrast, the expressions of TLR4, NF-κB and IκBα increased in the GERD and GERD + LPS groups (all P < 0.0001). The expressions of TLR4, NF-κB and IκBα in the GERD group were evidently lower than that of the GERD + LPS group (all P < 0.0001) but higher than that of the GERD + PDTC group (all P < 0.0001) (Fig. 5A-C) . Therefore, inhibition of NF-κB inactivated the TLR4/NF-κB signaling pathway. Fig. 4 . Expression of MMP-3 and MPP-9 was increased, while that of Cldn1 and Cldn4 was decreased, in esophageal mucosae tissues. A, Immunohistochemistry graph of MMP-3, MPP-9, Cldn1, and Cldn4 (400 ×); B, positive expression rates of MMP-3, MPP-9, Cldn1, and Cldn4; *, P<0.05, vs. the normal and sham groups; #, P<0.05, vs. the GERD group; MMP-3, matrix metalloproteinase-3; MPP-9, matrix metalloproteinase-9; Cldn1, Claudin-1; Cldn4, Claudin-4. Fig. 5 . Expression of the TLR4/NF-κB signaling pathway-related genes (TLR4, NF-κB and IκBα) in esophageal mucosal tissues of rats. A, mRNA expression of TLR4, NF-κB and IκBα in esophageal mucosal tissues of rats; B, protein expression of TLR4, NF-κB and IκBα in esophageal mucosal tissues; C, gray value of TLR4, NF-κB and IκBα protein bands in esophageal mucosal tissues; * , P<0.05 vs. rats in the normal group and sham group; # , P<0.05 vs. rats in the GERD group; GERD, gastroesophageal reflux disease; PDTC, pyrrolidine dithiocarbamate; LPS, lipopolysaccharide; TLR4, Toll-like receptor 4; NF-κB, nuclear factor-kappa B.
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Inactivation of NF-κB suppresses cell apoptosis in esophageal mucosal tissues
Cells containing pale-brown particles were regarded as apoptotic cells in TUNEL staining. Few apoptotic cells were detected in the normal, sham and GERD + PDTC groups under the 400 × microscope. However, in the GERD and GERD + LPS groups, a greater number of apoptotic cells was found. The apoptotic cells were subsequently counted, with the apoptotic rate calculated and compared between groups. Compared with the normal and sham groups, no significant difference in apoptotic rate was detected in the GERD + PDTC group (P Normal VS Sham = 0.811, P Normal VS GERD+PDTC = 0.996, P Sham VS GERD+PDTC = 0.596), while an obvious increase was observed in that of the GERD and GERD + LPS groups (P < 0.0001). The apoptotic rate in the GERD group was much higher than that in the GERD + PDTC group but lower than that in the GERD + LPS group (all P < 0.0001) (Fig. 6A-B) . The inactivation of NF-κB had an inhibitory effect on cell apoptosis in esophageal mucosal tissues.
Discussion
GERD is a common clinical disorder affecting millions of people worldwide, which results in a significant morbidity, a reduction in quality of life, and an increased cost that burdens health care systems around the world [17] . Patients with GERD often suffer from mucosal injury in the esophagus, characterized by nonspecific inflammatory infiltrate surrounding the epithelial cells that have been damaged by acid [18] . The current study set out to investigate the effect of the TLR4/NF-κB signaling pathway on esophageal mucosal injury in rats with GERD and uncovered some important findings, all of which point to the conclusion that the inhibition of the TLR4/NF-κB signaling pathway reduces the time needed to repair esophageal mucosal injury in rats with GERD.
Traditional pH parameters are competent predictive tools in GERD, with increasing acid exposure time correlated with a higher degree of esophagitis [19] . In the current study, the LPS group exhibited the lowest esophageal pH among the five groups, indicating that LPS activated the NF-κB signaling pathway, resulting in a greater degree of mucosal injuries. Key observations indicated that esophageal mucosal injuries were well-healed in the PDTC group, while symptoms of hyperemia and erosions were noted in the GERD and LPS groups. Yu Fang et al. concluded that treatment with an NF-κB inhibitor suppressed NF-κB-regulated cytokines and inhibited damage to esophageal barrier function, findings that are largely consistent with those of the present study [20] . PDTC, a potent inhibitor # , P<0.05 vs. rats in the GERD group; GERD, gastroesophageal reflux disease; PDTC, pyrrolidine dithiocarbamate; LPS, lipopolysaccharide; TUNEL, terminal dUTP nick-end labeling.
Cellular Physiology and Biochemistry
Cellular Physiology and Biochemistry of the NF-κB signal pathway, has been frequently employed to investigate the influence of NF-κB in its transcription of many target genes. For example, a previous study reported that pretreatment with PDTC could attenuate the pain behaviors of rats with diabetic neuropathy [21] . A study evaluating the relationship between TLR4 and mucosal injury demonstrated that moderate TLR4 signaling was the best for mucosal healing: insufficient TLR4 signaling caused bacterial translocation and poor mucosal healing, while too much TLR4 signaling induced severe inflammation or even cancer [22] . Another study asserted that LPS signaling could directly regulate the effect of TLR4 on Cox-2 expression as well as other downstream mediators of epithelial repair in intestinal epithelial cells [23] . Interestingly, a key observation made in the current study revealed that esophageal mucosa tissues exhibited reduced levels of MMP-3 and MPP-9 while displaying elevated Cldn1 and Cldn4 following treatment with PDTC, the inhibitor of NF-κB. The expression of NF-κB/p65 has been positively correlated with MMP-3 and MMP-9 [24] . In osteoarthritic chondrocytes, the inhibition of NF-κB has been suggested to decrease apoptosis while acting to downregulate MMP-9 [25] . Consistently, as an activator of MMP-9, MMP-3 reduction in malignant gliomas was induced by inactivated NF-κB [26] . Claudins are members of the class of proteins involved in tight junctions [27] . Cldn1 and Cldn4 expression has been detected in many cancers, including ovarian cancer and esophageal cancer [28, 29] . In line with the findings of our study, Yu et al. also demonstrated that Cldn1 and Cldn4 overexpression was induced by the inactivation of NF-κB in GERD [20] .
LPS-treated rats exhibited the highest levels of IL-6, IL-8, IL-10 and TNF-α compared with other four groups. The PDTC-treated group displayed distinct inflammatory factor level reductions. Several studies have investigated the association between gene expression and inflammation, for example, inflammation in claudin-7-deficient mice, NOD-Like receptor protein 3 inflammasome priming and 5-HT4 receptor agonist mosapride in inflammation of reflux esophagitis [30] [31] [32] . Inflammation is a useful host response to tissue injury that aids in tissue regeneration, facilitating the return to normal function and structure. This being said, prolonged inflammation leads to serious tissue damage; LPS upregulates TLR4, leading to NF-κB activation, and consequently prolongs the inflammatory response [33] . NF-κB positively regulates the levels of IL-1β, IL-6, and IL-8 in immune and epithelial cells, which in turn by direct or indirect means activates NF-κB via signaling pathways [34] . Investigations of the inflammatory mediator profile in GERD presented evidence indicating increased activity of NF-κB in the mucosa of GERD patients demonstrating that the inflammatory response is correlated with proinflammatory cytokine levels, such as L-1, IL-6, and IL-8, in the esophageal mucosa [18] .
During the current study, we demonstrated that GERD rats administered LPS treatment displayed elevated mRNA and protein expression of TLR4/NF-κB signaling pathway components, and increased apoptosis rate; when treated with the NF-κB pathway inhibitor PDTC, the GERD rats presented reduced mRNA and protein expression of TLR4/NF-κB signaling pathway components Consistently, mRNA and protein levels of TLR4 have been observed to be significantly increased with the treatment of LPS [35] . A reduction in expression levels of TLR4 and NF-κB is an efficient way for carvedilol to inhibit ischemia/ reperfusion-induced apoptosis [36] . Taking all of our findings and previous findings together, we speculate that TLR4 activates the transcription of inflammation cytokines as well as proapoptotic signaling that results in cell death. TLR4 activated by LPS triggers the downstream apoptotic signaling pathways and modulates the expression of Bax, Bcl-2, and caspase-3 [35] .
Conclusion
In conclusion, GERD-induced esophageal mucosal injury could potentially be repaired through inhibition of the TLR4/NF-κB signaling pathway, highlighting the TLR4/NF-κB pathway as a promising potential therapeutic target for GERD. Further studies are needed to validate the findings of our study.
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